
New Prospects and Strategies for Drug Target Discovery in
Neurodegenerative Disorders

Brian S. Hilbush,* John H. Morrison,† Warren G. Young,* J. Gregor Sutcliffe,‡

and Floyd E. Bloom*

*Neurome, Inc., La Jolla, California 92037; †Neurobiology of Aging Laboratories, Department of Neuroscience,
Mount Sinai School of Medicine, New York, New York 10029; and ‡Department of Molecular Biology,

The Scripps Research Institute, La Jolla, California 92037

Summary: The future of neurodegenerative therapeutics de-
velopment depends upon effective disease modification strate-
gies centered on carefully investigated targets. Pharmaceutical
research endeavors that probe for a much deeper understanding
of disease pathogenesis, and explain how adaptive or compen-
satory mechanisms might be engaged to delay disease onset or
progression, will produce the needed breakthroughs. Below, we
discuss the prospects for new targets emerging out of the study
of brain disease genes and their associated pathogenic path-

ways. We describe a general experimental paradigm that we are
employing across several mouse models of neurodegenerative
disease to elucidate molecular determinants of selective neuro-
nal vulnerability. We outline key elements of our target dis-
covery program and provide examples of how we integrate
genomic technologies, neuroanatomical methods, and mouse
genetics in the search for neurodegenerative disease targets.
Key Words: Neurodegeneration, therapeutics, genes, Alzhei-
mer’s, genomics, QTL.

INTRODUCTION

Neurodegenerative diseases confront mankind in a va-
riety of guises and induce chronic suffering and debili-
tation for a significant percentage of the worldwide pop-
ulation. As a group, these disorders are a major burden
on health care systems, with expenditures reaching
nearly $84 billion for Alzheimer’s disease (AD) in the
U.S. alone.1 The pharmaceutical industry faces arguably
its most difficult challenge in attempting to develop ther-
apeutics for neurodegenerative disease. The hurdles to
overcome for disease prevention will not be cleared by
prior research strategies relying on known, pharmacolog-
ically validated targets present in classical neurotrans-
mitter or neuropeptide systems. With the possible excep-
tion of Parkinson’s disease (PD), no logical relationship
exists between any transmitter system and the circuitry
affected by a neurodegenerative process. Indeed, neurons
exhibit striking disease-specific vulnerabilities. What
gives rise to this selective vulnerability remains a mys-
tery, as do how and when disease progression is initiated

and the rate at which it progresses. Research aimed at
identifying disease-causing alleles in rare familial forms
of neurodegenerative disease has illuminated important
molecules participating in pathological mechanisms but
has not yielded suitable targets from a medicinal chem-
istry perspective. Considerable effort will be required to
overcome translational blocks in drug discovery for non-
typical drug targets.

The therapeutics currently approved by the Food and
Drug Administration or in clinical trials attempt to ad-
dress disease symptoms and are largely aimed at ame-
liorating cognitive or motoric decline, but not at the
mechanisms underlying the actual neurodegeneration
and disease progression.

This current state of affairs reflects two points of
weakness. First, despite the enormous research focused
on AD and other neurodegenerative disorders, the under-
lying pathophysiology is not yet understood in sufficient
detail. The situation is certainly a consequence of the
complex interplay of genes, environment and their myr-
iad interactions. Second, there is not yet a clear means by
which to establish efficacy in slowly progressing, late-
onset disorders. Given the nature of these diseases, future
therapeutics will need to be paired with tests for biomar-
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kers indicating onset of brain pathology that precedes
overt clinical symptoms.

Traditional hurdles to brain disease treatment also re-
main: small molecule therapeutics must cross the blood-
brain barrier and locate their targets in discrete neuro-
anatomical locations. It is also hoped that these
medications would not impair normal cognitive function-
ing and be tolerated over long periods of time. Financial
barriers must also be scaled because these therapies will
entail slow, costly development and may involve novel
delivery mechanisms. Finally, the approved medications
will likely be expensive, and introduction into clinical
practices may be slow. The extraordinary societal costs
anticipated for the future in the absence of effective
treatments has provided a dramatic sense of urgency for
development of effective interventions.

NEURODEGENERATIVE DISEASE GENE
PRODUCTS AND THERAPEUTIC TARGETS

Knowledge of the neuropathological and molecular
features of familial forms of neurodegenerative diseases
has provided a rational foundation for exploring new
therapeutic targets. Genetic and neuroanatomical ap-
proaches that generate these molecular clues remain the
front line of attack for target discovery, in large part due
to the lack of understanding of the pathophysiology of
most neurodegenerative diseases. Indeed, nearly 20 years
have passed since the amyloid � peptide (A�) was dis-
covered as the protein constituent of amyloid plaques.2

However, little consensus exists as to what constitutes
the toxic A� species, how or where (or if?) the aberrant
peptide initiates a toxic disease process, or what serves as
its primary target.3 Candidates for mechanism-based tar-
gets in neurodegenerative disorders have arisen chiefly
out of the initial identification of disease genes through
genetic linkage and mapping approaches. In AD, the
subsequent identification of rare disease-causing muta-
tions in the genes encoding the amyloid precursor protein
(APP)4 and the presenilins (PS-1 and PS-2),5,6 each of
which leads to overproduction of the more amyloido-
genic form of A� (A�1–42),7 immediately suggested new
routes to AD therapy based on modification of APP
metabolism.8 Since those discoveries, the pathogenic
molecular characteristics and disease genes underlying
several familial forms of progressive neurodegenerative
disorders have been elucidated. Here, we classify the
diseases into major groupings based on unifying neuro-
pathological processes and molecular features (Table 1).
This classification scheme reveals therapeutic target sim-
ilarities and aligns disorders with aberrant protein aggre-
gation, those defined primarily by defects in DNA dam-
age repair, and disorders whose disease gene products
are targeted to the mitochondrion. Similar classification
schemes have been proposed by others.9

PROTEIN AGGREGATION DISORDERS

The defining pathological process across many com-
mon neurodegenerative disorders is the generation of
toxic proteins and their accumulation into aggregates in
the form of extracellular plaques, intracellular neurofi-
brillary tangles and cytoplasmic or intranuclear inclu-
sions.10 A remarkable convergence of evidence from
neuropathologic and molecular genetic investigations
has demonstrated that the disease gene products are often
intimately tied to aggregate formation, typically as the
source of the protein. A�1–42 accumulates in senile
plaques seen in all forms of AD. Filamentous tau inclu-
sions are a common feature in sporadic disorders and
frontotemporal dementias.11,12 In prion diseases, the mu-
tant protein, termed PrPsc, fibrillizes and forms numerous
amyloid deposits.13 The protein �-synuclein is found in
inclusions called Lewy bodies in PD14 and mutant SOD1
is found in intraneuronal inclusions in some forms of
familial amyotrophic lateral sclerosis (ALS).15 For poly-
glutamine expansion disorders, Huntington’s disease is
the prototypical example, and mutant huntingtin protein
is found sequestered in cytoplasmic and nuclear inclu-
sions within affected cortical pyramidal neurons in hu-
man diseased brain.16,17 Both protective and toxic prop-
erties have been ascribed to the various deposits
described above and the nature of the toxic protein spe-
cies is a matter of contentious debate for many of the
diseases.

For the majority of disorders in the aggregation class,
the therapeutic target opportunities afforded by the ac-
tivities of the disease gene products themselves appear to
be limited. At present, the cellular functions and activi-
ties for the majority of these proteins are unknown. The
proposed molecular mechanisms underlying the aggre-
gation diseases now largely center on the toxic gain-of-
function properties of the pathogenic proteins. Thus, it is
uncertain how a therapeutic benefit would derive from
targeting the mutant proteins’ normal activity. In some
cases, partial loss of function of the normal activity of the
gene product may be a factor in selective neuronal vul-
nerability.18,19

The relationship between neurodegenerative disease
genes and the appearance of aberrant protein deposits has
focused considerable attention on molecular pathways
involved in protein clearance and on novel therapeutic
strategies to prevent toxic protein generation and aggre-
gate formation. Delineation of the APP proteolytic pro-
cessing pathway was crucial in formulating most of the
current strategies to reduce A�1–42 production. APP is a
transmembrane protein that is normally metabolized
along two alternative routes, the �-secretase and �-secre-
tase pathways. APP processing down the �-secretase
pathway precludes A� formation because the �-secretase
enzyme cleaves in the middle of the amyloid � region.
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TABLE 1. Drug Target Characteristics of Neurodegenerative Disease Gene Products

Familial Disease Disease Gene Product Cellular Function Role as Target

Disorders with Aberrant Protein Aggregation
Alzheimer’s disease Presenilin-1 and 2 Proposed aspartyl proteases;

component of �-secretase
complex

Small molecule targets-protease
inhibitors

Amyloid precursor protein
(A�)

Unknown Antibody target (A�1–42); target
for aggregation inhibitors

Familial British/Danish
dementia

Bri2 Unknown

Frontotemporal dementia
(FTDP-17)

tau Microtubule assembly and
stability

Prion diseases PrPac Unknown Small molecule target-pathogenic
conformation inhibitors

Familial encephalopathy
with neuroserpin
inclusion bodies
(FENIB)

Neuroserpin Serine protease inhibitor

Parkinson’s disease* �-Synuclein Unknown; roles in
presynaptic function

Huntington’s disease Huntingtin Unknown; putative roles in
vesicle recycling,
transcription

Amyotrophic lateral
sclerosis

Cu, Zn SOD1 Superoxide metabolism

Hereditary spastic
paraplegia-SPG4

Spastin Role in microtubule
dynamics

Dentatorubropallidoluysian
atrophy (DRPLA)

DRPLA (atrophin-1) Unknown

Spinobulbar muscular
atrophy

Androgen receptor Ligand-activated
transcription factor

Small molecule target-ligand
antagonists

Spinocerebellar ataxias 1,
2, 3, 7, 10

Ataxins-1, -2, -3, -7, -10 Roles in gene regulation

SCA6 CACNA1A Ca2� channel � 1a subunit
SCA14 Protein kinase C � Protein kinase C �
SCA17 TATA binding protein Transcriptional regulator

Lafora disease Laforin Dual specificity phosphatase
Malin E3 ubiquitin ligase

Fragile X-associated
tremor/ataxia
syndrome (FXTAS)

FMR1 RNA binding protein

Disorders with Mitochondrion-Targeted Disease Gene Products
Wilson’s disease† ATP7B P-type (copper transporting)

ATPase
None; decoppering therapy

Fredereich’s ataxia Frataxin Iron homcostasis; heme
synthesis

Mohr-Tranebjaerg
syndrome

Deafness/dystonia
protein-1 (TIMM8A)

Unknown

Parkinson’s disease Pink1 Putative protein kinase
Hereditary spastic

paraplegia SPG7
Paraplegin Putative ATP-dependent

protease
Hereditary spastic

paraplegia SPG13
HSP60 Mitochondrial import

chaperonin
Motor neuron disease Cytochrome c oxidase 1 Electron transport
LHON mitochondrial complex I

subunits
Mitochondrial energy

metabolism
(Table continues)
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The released APP C-terminal fragment is further pro-
cessed by �-secretase to release a small fragment known
as p3. Presumptively pathological cleavage of APP by
the sequential activities of the �- and �-secretases leads
directly to amyloidogenic A� fragment formation. After
�-secretase digestion of APP, multiple �-secretase cleav-
age sites are present in the C-terminal fragment and
allow for the production of both A�1–40 and pathogenic
A�1–42. Mutations in PS-1 and PS-2 primarily alter the
specific APP C-terminal cleavage site of the �-secretase
complex, favoring production of A�1–42.7 Thus, a set of
therapeutic strategies emerged based on newly discov-
ered proteases as targets: stimulation of �-secretase, in-
hibition of �-secretase, and inhibition of the �-secretase
complex.8,9 The ability of a subclass of muscarinic re-
ceptors to stimulate �-secretase activity20 led to a clinical
trial for a M1 muscarinic agonist.21 Major efforts have
been underway at pharmaceutical companies for over a
decade to evaluate the effects on �-secretase inhibitors
on AD progression.8 More recently, the molecular clon-
ing of �-secretase,22 known as �-site APP-cleavage en-
zyme 1 (BACE1), led to the development of pharmaco-
logical inhibitors for the enzyme.23,24 Although drug
development efforts in AD aimed at APP metabolic path-
way targets appear promising, the current set of mecha-
nistic targets has potential drawbacks due in part to lack
of substrate specificity. For example, APP would be but
one of many substrates affected by �-secretase inhibi-
tion, and release of the intracellular domain of Notch is
dependent on the activity of this enzyme.25

The observations in transgenic mice that elevated lev-
els of A�1–42, caused by overexpression of human mu-

tant APP, lead to neuropathological and behavioral
changes resembling human AD,26 and that blockade of
A�1–42 production completely abolished AD-like pathol-
ogy27 elevated the A�1–42 peptide as a prime therapeutic
target. Multiple antiamyloid therapies based on removal
or destruction of A�1–42 have been identified and dem-
onstrated convincingly in vivo and in culture systems.
These include the use of immunotherapeutic strategies to
provoke A�1–42 clearance from the brain,28 the control
of A� degradation by enhancing neprilysin activity,29,30

and the utilization of A� aggregation inhibitors to block
peptide oligomerization.31 Despite these landmark ad-
vances, the effectiveness of these disease-modifying
therapies has yet to be demonstrated in humans. The
success and general applicability of any one of these
strategies in AD would likely have a significant impact
on therapeutic approaches toward the other aggregation
disorders.

A variety of reports have established that protein mis-
folding plays a role in the pathogenic process for several
of the polyglutamine expansion disorders, including
those causing spinocerebellar ataxias.32 Moreover, ge-
netic suppressor screens in Drosophila have revealed
potent inhibitors of polyglutamine protein toxicity.33,34

Related experiments that examined the effects of over-
expression of specific molecular chaperones in both fly
and mouse models of neurodegenerative disorders con-
firmed the ability of Hsp70/40 chaperones to reduce
�-synuclein and polyglutamine-driven neurotoxicity and
to suppress aggregate formation in some cases.35,36 An
antiaggregation strategy of a different sort was described
in a mouse model of spinobulbar muscular atrophy

TABLE 1. Continued

Familial Disease Disease Gene Product Cellular Function Role as Target

Disorders with Defects in DNA Damage Repair
Ataxia telangiectasia ATM Protein kinase Small molecule target-kinase

activators
Ataxia telangiectasia-like

disease
MRE11 Component of DNA

double-stranded break
sensor complex

Nijmegen breakage
syndrome

Nibrin Component of DNA
double-stranded break
sensor complex

Spinocerebellar ataxia
with axonal neuropa-
thy-1 (SCAN1)

TDP1 Tyrosyl phosphodiesterase

Ataxia with oculomotor
apraxia 1

Aprataxin Component of DNA repair
complex for
single-stranded breaks

Ataxia with oculomotor
apraxia 2

Senataxin‡ Putative role in DNA repair

Notes: Lysosomal storage disorders (not listed above) form a fourth class of neurodegenerative diseases that contains a large collection of
over 48 distinct types resulting from defects in lysosomal membrane transporters and hydrolases; these are largely neurodevelopmental
disorders of childhood. *Familial PD is caused by several additional genes, including UCHL1, LRRK2, DJ1, and Parkin. Lewy body
pathology has not been definitively associated with any of these familial forms. †Wilson’s disease gene product, ATP7B, is found in other
subcellular compartments in addition to the mitochondrion. ‡Mutant SETX alleles were identified as the cause of a juvenile form of ALS.67
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(SBMA).37 The genetic defect in SBMA is a CAG repeat
expansion located within the coding region of the andro-
gen receptor gene.38 Testosterone is the natural ligand
for the androgen receptor and retains binding affinity to
the mutant receptor forms. In transgenic male mice, low-
ering of serum testosterone levels prevented nuclear
translocation and aggregate formation normally seen
with the mutant receptor and even caused a reversal of
the neuromuscular phenotype.37 These examples, along
with antiamyloid strategies in AD, suggest that the toxic
proteins themselves may be the most suitable molecular
targets for intervention. The SMBA example establishes
that ligands can induce pathogenic structures and antag-
onists could conceivably be developed to interfere with
the toxic properties. The early success of genetic modi-
fier screens in flies and mice to identify neuroprotective
genes in ataxia indicates that similar investigations may
be productive with other neurodegenerative disorders.

DISORDERS WITH MITOCHONDRION-
TARGETED DISEASE GENE PRODUCTS

Mitochondrial dysfunction is a frequent cause of clin-
ical syndromes due to mutated genes in nuclear and
mitochondrial DNA.39 Disease-causing mutations are
found in all 14 genes (7 nuclear and 7 mitochondrial) that
encode subunits of the so-called “minimal enzyme” of
mitochondrial complex I, which are presumed to be es-
sential for catalyzing electron transfer from reduced nic-
otinamide adenine dinucleotide to ubiquinone. In neuro-
degenerative disease, oxidative stress is a prominent
pathological feature and many studies have demonstrated
that increased production of reactive oxygen species pro-
motes neurodegeneration. MPTP, the dopaminergic neu-
rotoxin widely used to model PD in rodents and pri-
mates, exerts its effects through complex I damage and
reactive oxygen species formation.40 The disorders listed
in Table 1 with a clearly unequivocal mitochondrial as-
sociation help to establish the importance of mitochon-
drial dysfunction in neurodegenerative processes, al-
though the precise mechanistic relationship between the
two is unclear.

Prospects for therapeutic intervention in this group of
disorders appear limited at present, with the exception of
PD and Wilson’s disease. Mitochondrial complex I is
impaired in Leber hereditary optic neuropathy
(LHON).41,42 Although none of the defective complex
I subunits commonly found mutated in LHON or other
complex I syndromes appear poised as drug targets, a
recent study suggests that an inhibitor of Na�/Ca� ex-
change can reverse changes in cytosolic Ca2� concen-
trations, ATP synthesis and mitochondrial membrane po-
tential due to complex I deficiency.43 The likelihood that
oxidative stress plays a central role in the pathogenesis of

these disorders has prompted investigation into the use of
antioxidants such as coenzyme Q10 and vitamin E.43a

Data from a clinical trial for patients with Friedriech’s
ataxia suggested partial improvement of some clinical
parameters with a combined treatment regimen.44 The
immediate and downstream consequences of increased
oxidative stress and lowered energy production in vul-
nerable neurons will necessitate a continued focus on
effective therapeutic avenues to combat mitochondrial
dysfunction.

TARGETS IN DNA DAMAGE REPAIR

The growing list of neurodegenerative disorders due to
defects in DNA damage repair proteins sheds light on the
exquisite sensitivity of certain populations of neurons to
DNA strand breaks. As reviewed recently,45 defects in
double-stranded break repair mechanisms appear to af-
fect both neural and non-neural systems, whereas single-
strand DNA break repair defects are seemingly confined
to neurons. It is especially puzzling that nonproliferating
cells would be the preferential site of toxic insult from
these defects. One intriguing aspect of these disorders is
that they might result from a lowered threshold in the
cell’s ability to handle DNA damage due to oxidative
stress. Among the disease gene products in this group,
ATM and tyrosyl phosphodiesterase are in enzyme
classes that currently could be targeted by small mole-
cule drugs.46 Very little is yet known as to why DNA
strand breaks cause neurodegenerative disease. One sug-
gestion is that the strand breaks or the DNA-protein
adducts formed interfere with transcription and somehow
jeopardize neuronal function or integrity.

An assessment of the disease gene products for
neurodegenerative diseases provides several reasons
as to why these molecules are seen as both excellent
and poor drug targets. At least some of the toxic
disease proteins appear to be suitable targets for de-
struction, clearance, or modification by pharmaceuti-
cal compounds or antibodies. For most of the rare,
recessive forms of familial disease, the identified dis-
ease proteins fall into functional classes that continue
to remain outside of the expertise of drug develop-
ment. In addition, many of the disease gene products
encode mitochondrial components that essentially
need to be replaced, as in the lysosomal storage dis-
orders. Compared with G protein-coupled receptors
and other protein classes successfully targeted by cur-
rent compound libraries, the mechanistic targets aris-
ing from neurodegenerative diseases appear poised to
require therapeutics aimed at completely new types of
molecules.
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RESEARCH STRATEGIES FOR TARGET
DISCOVERY

The introduction of molecular biology and genomics
technologies, robotic instrumentation, and computational
resources combined to usher in a new era of pharmaceu-
tical discovery research in which plausible targets could
be discerned from genetic analyses and biological data.
Target-based drug discovery has come to virtually
eclipse physiology-based (but not necessarily pathophys-
iology-based) approaches toward therapeutic develop-
ment across the medical spectrum. This paradigm shift is
here to stay, and for several good reasons. The old-
fashioned procedures were low throughput, and the prac-
titioners tended to disregard disease mechanisms to focus
on symptomatic treatments. Modern target-based meth-
ods are far more amenable to high-throughput assays,
and their uses facilitate rational drug discovery pro-

grams. Detractors point to a coincident decline in the
industries’ productivity (i.e., introduction of new chem-
ical entities and biologicals) beginning in the early 1990s
with the installation of target-based discovery. However,
it is readily apparent that traditional medicinal chemistry
approaches have been ill equipped to deal with the vast
array of genomics-derived targets falling outside of typ-
ical druggable protein classes, particularly for neurode-
generative disease (see Table 1). It is probable that future
neurodegenerative therapies will be based upon novel
targets where the risk of failure for developing lead
compounds will be significantly higher than for those
based on well-known and previously validated targets.
Thus, the goal of any neuroscience discovery research
program will be to provide the highest degree of biolog-
ical validation possible, at the earliest feasible point in
the discovery phase, to allow for selection of the best
disease-modifying targets for drug development.

FIG. 1. Neurome’s drug target discovery approach. A: An example of the experimental paradigm employed to study disease-specific
selective vulnerability. Amyloid plaque staining is shown in regions of the lateral (orange shading) and medial entorhinal cortices from
an AD transgenic mouse model. B: Technology platforms used at Neurome, Inc. to analyze disease vulnerability and resistance in
neuronal populations and mouse inbred strains. Experimental data provide candidate therapeutic targets and disease-modifying alleles
that can be further assessed and validated with studies in animal disease models and in vitro assays. The research pipeline is designed
to evaluate multiple disease models across all platforms in parallel.
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DISEASE-SPECIFIC SELECTIVE
VULNERABILITY

Here we describe major elements of Neurome’s ap-
proach to neurodegenerative diseases and provide exam-
ples of how our technologies are employed for drug
target identification. Our main discovery framework is
based on exploring disease-specific selective vulnerabil-
ity of neurons in mouse models of neurodegenerative
disorders. The striking susceptibility of discrete neuronal
populations, often in close physical proximity to resistant
neurons of the same class [e.g., pyramidal neurons in
affected and unaffected AD model mice (FIG. 1A)] af-
fords tremendous opportunities to understand both
pathogenic and protective mechanisms.47–49 Recent
work in our laboratories on the PDAPP mouse model of
AD illustrates an experimentally tractable example in-
volving pyramidal neurons in the entorhinal cortex.50

Deposition of diffuse A� was quantitated throughout the
entorhinal cortex of 15- to 22-month-old mice. In the
lateral entorhinal cortex, the A� load achieved a maxi-
mum of 16.4%, whereas loads in the medial portion
remained below 2.3%. This finding demonstrated a cir-
cuit-specific accumulation of A� that preferentially in-
volves the lateral perforant path, reflected by high levels
in the lateral entorhinal cortex and its terminal zone, the
outer molecular layer of the hippocampus.

Our hypothesis is that the molecular clues that are
sought to understand a particular neurodegenerative dis-
ease process will be discovered by identifying differ-
ences between the two populations. Likewise, we hy-
pothesize that biological processes conferring protection
from pathology are also poised to be revealed by molec-
ular, cellular, and neuroanatomical comparisons of sus-
ceptible and resistant neurons. This approach differs sig-
nificantly from prior attempts to evaluate molecular
changes in neuronal subtypes from AD patients com-
pared with controls.51 In human studies, genetic and
environmental factors complicate interpretation in such
two-way comparisons and the quality of postmortem
tissue is difficult to ascertain and control. In addition, the
degree of biological insight from such analyses is nec-
essarily restricted due to sampling at terminal stages of
the disease.

In one prong of our attack, we initiate genome-scale
RNA profiling using TOGA (Total Gene Expression
Analysis) technology to survey and compare all ex-
pressed transcripts between vulnerable and resistant pop-
ulations in mouse disease models (Fig. 1B). These base-
line studies are designed to examine expression changes
occurring pre- and post-disease initiation and during pro-
gression, as well as near end-stage pathology. The
TOGA platform rapidly identifies known, differentially
expressed RNAs and provides a convenient means with
which to sequence and identify novel cDNAs via corre-

FIG. 2. A: The TOGA method. RNA from a biological sample
serves as template for cDNA synthesis initiated with a biotinylated
anchor primer; the cDNA is subjected to enzymatic digest by a
restriction endonuclease with four-base recognition specificity
(e.g., MspI CCGG) followed by fragment capture on streptavidin-
coated beads (top box). In the next steps, in vitro transcription (IVT)
and reverse transcription (RT) reactions (middle box) are employed
for linear amplification and production of templates for PCR, re-
spectively. PCR is performed to systematically parse the entire set
of expressed RNAs and generate sequence-specific subpools for
analysis (bottom box), using an array of 256 distinct 5� primers
whose 3� termini cover all sequence possibilities across the four
bases (labeled N1N2N3N4) adjacent to the restriction digest site.
Fluorescently labeled PCR products are analyzed by capillary elec-
trophoresis to measure DNA fragment size and fluorescent inten-
sity. B: TOGA gene expression profiles. RNA samples from cerebral
cortex and cerebellum of wild-type (wt) and ATM knockout mice
(KO) were analyzed by TOGA, and data are shown for one of the
256 PCRs comprising the data set. Gene expression levels are
indicated along the y-axis (relative fluorescence units) and size of
PCR fragments are plotted along the x-axis in base pairs. Peaks
represent individual mRNAs and are assigned a unique digital
address based on sequence characteristics.53 The addressing fea-
ture allows a database to be established for all detected RNAs and
enables prediction of corresponding gene sequences contained in
genomic databases.
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sponding PCR products.52,53 An outline of the TOGA
method and an example of expression profiles generated
in cerebral cortex and cerebellum from wild-type and
ATM knockout mice are shown in Fig. 2, A and B.
Neurome’s TOGA experiment database can be queried
to provide additional information regarding any gene’s
transcriptional regulation or localized expression across
many different cell and tissue types. Identified expres-
sion differences can be further explored by in situ hy-
bridization in multiple, related disease models and across
a series of inbred mouse strains with standardized pro-

tocols (Fig. 3). These data are then assessed in the con-
text of Neurome’s digital mouse brain atlas, BrainAr-
chive, and can be processed and displayed in two- and
three-dimensional reconstructions to reveal associa-
tions with known transmitter systems, circuits or other
neuroanatomical features. Genes that are differentially
expressed in vulnerable and resistant neurons, show
altered expression during disease initiation or progres-
sion, and whose protein product might be functionally
important in a disease cascade would represent first
tier candidates as targets for further assessment. The
target candidates, individually or collectively, will
yield important insights into the molecular basis of
selective vulnerability. Integration of data accumu-
lated on sets of genes across multiple technology plat-
forms may suggest new pathogenic mechanisms. For
chosen candidate targets, validation studies performed
in the relevant disease model will provide proof of
principle in vivo and justify initiation of drug devel-
opment activities (Fig 1A).

Genetic Modifiers and Quantitative Trait Loci
Neurome’s target discovery operation employs mouse

genetics to further explore selective neuronal vulnerabil-
ity and to identify genes that modify disease susceptibil-
ity. Genetic modifiers, either protective or risk confer-
ring, are known to exist that impact disease severity and
age of onset for several human neurodegenerative disor-
ders, including PD, ALS, AD, and Huntington’s dis-

FIG. 3. Three-dimensional visualization of gene expression data
in a virtual mouse brain atlas. Quantitative results from in situ
hybridization analysis of preproenkephalin mRNA expression in
two different mouse strains (DBA/2J and C57BL/6) displayed
within the basal ganglia and hippocampus of a digital brain atlas.
The top panel shows the expression levels from a DBA/2J
mouse brain, and the bottom panel shows the ratio of expres-
sion for DBA/C57. Expression levels are indicated by pseudo-
color representation, with low represented in blue and high in red
shades on a continuous color scale. Nissl-stained reference
brains were used to generate the atlas in all three orthogonal
planes. The sagittal and horizontal planes are virtual sections
dynamically reconstructed from the original coronal sections.

FIG. 4. QTL discovery. The combined use of inbred strains, QTL
mapping, and gene expression analysis for discovery of QTL
genes is depicted in the diagram. Phenotypic trait data were
used to map loci underlying alcohol preference in inbred rat
strains. Gene expression analysis of various brain regions iden-
tified differentially expressed transcripts in the P and NP strains.
The mRNA for �-synuclein was expressed at higher levels in P
hippocampus and the chromosomal position of the gene corre-
sponded to the peak of the QTL identified on chromosome 4.
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ease.54–59 In humans, genetic analysis of complex traits
and modifiers remains difficult, due principally to the
varying contributions of genetic heterogeneity, stochastic
effects, and environment on trait variation. As a case in
point, traditional genetic linkage analysis to identify dis-
ease age of onset modifiers in human AD populations
would have missed the apoE4 locus.60 Many of these
problems are easily overcome by use of inbred mice,
where the disease phenotypes depend strongly on genetic
background and the environment can be controlled in a
laboratory setting. The use of carefully designed crosses
can minimize genetic heterogeneity and identify new
combinations of alleles that modify disease in the context
of a healthy organism. Large repertoires of allelic com-
binations already exist in recombinant inbred strains,
and these can be exploited to identify modifiers in
several ways. For example, mutant strains or trans-
genic mice carrying human disease transgenes can be
crossed onto the unique and well-defined genetic back-
grounds of recombinant inbred strains for phenotype
analyses and mapping studies.

Determination of significant phenotypic differences
between two strains allows for subsequent mapping of
quantitative trait loci (QTL) harboring risk-conferring or
protective alleles by several strategies. In rodents, over
2300 QTLs have been mapped; several dozen of these
relate to neurological and neurobehavioral phenotypes
relevant to human brain diseases. This genetic approach
is conceptually related to the experimental paradigm
comparing vulnerable and resistant neuronal populations
as outlined above. With the genetic tools, comparisons
are made between strains that differ in susceptibility to a
neurodegenerative disease process. Genetic backgrounds
are thus tested in a pair-wise manner to identify alleles
that influence the physiology of the vulnerable and re-
sistant neuronal populations.

Combined genomic approaches to QTL gene
discovery

We have developed gene expression-based methodol-
ogies to detect QTL genes that depend upon correlation
of gene expression data with phenotypic trait data and
mapping results (Fig. 4). Similar combined approaches
have been suggested and performed by others.61,62 De-
termination of the gene underlying a particular QTL is
often a tedious and time-consuming step in trait analysis.
Current mapping techniques provide genetic resolution
down to a range near 3 cM, an interval that spans 50–60
genes (assuming random distribution of 30,000 genes
across a 1500 cM genome). Because the underlying ge-
netic differences we seek arise from changes in either
coding sequence or gene regulatory regions, gene expres-
sion measurements offer a way to rapidly screen candi-
dates within a given locus.

An example of one approach whereby gene expression
profiling was combined with behavioral testing to iden-
tify quantitative trait genes underlying alcohol-seeking
behavior is outlined in Figure 4. In this study, selectively
inbred rat strains [alcohol-preferring (P) and non-prefer-
ring (NP)] were analyzed that display significant differ-
ences in alcoholism-related traits, such as in their con-
sumption and preference for alcohol. In previous genetic
mapping studies, multiple QTLs were identified and po-
sitioned on chromosomes 3, 4, and 8.63,64 These loci each
span several cM and harbor a large number of candidate
genes. TOGA profiling of several brain regions revealed
genes whose expression differed between the strains.65

The TOGA expression analysis revealed nearly 20,000
expressed mRNAs. Among these, 28 mRNAs displayed
differential expression when samples from P and NP rats
were compared. The panel of differentially expressed
mRNA sequences were then compared with the assem-
bled rat genome to identify the corresponding gene’s
chromosomal position. With this procedure, two of the
three QTL genes were identified in a single experiment.
The gene Snca, encoding the synaptic protein
�-synuclein, was determined by TOGA to be expressed
at two-fold higher levels in the hippocampus of P rat
brains compared to the NP rats. Single nucleotide poly-
morphisms found in the 3�-untranslated region of Snca in
the P strain were used to map the gene to the peak of the
QTL on chromosome 4. A second gene, glutathione S-
transferase 8-8, was identified via TOGA as the QTL
gene residing on chromosome 8.66 These data illustrate
the exceptional promise that expression profiling tech-
nologies hold for tracking and identifying genes under-
lying QTLs.

CONCLUSION

The development of disease-modifying therapeutics
that address the principal causes of neurodegenerative
disease is still in its infancy. The current crop of drug
targets is based largely upon identified disease gene
products and enzymes controlling their metabolism.
None of the disease modification strategies developed
over the last decade have been proven to be effective in
humans. Discovery efforts aimed at target elucidation
will need to address these fundamental questions: Why
are particular neurons affected by a disease process and
not others? What initiates the disease cascade and where
is the site of initiation? What is the earliest indicator of
pathology? Do resistant neurons use protective mecha-
nisms to maintain cellular homeostasis and how can this
knowledge be exploited therapeutically? Answers to
these questions will move us closer to beneficial thera-
pies for these devastating illnesses.
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